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ABSTRACT
We consider gauge coupling unification in models with TeV scale strings and
large compact dimensions realized as type IIB string orientifolds. Following an
observation by Ibanez we show that the gauge couplings at low energies can behave
as if they effectively unify at MU ∼ 2 × 10
16 GeV with αU ∼ 1/24. This requires
the σ model anomaly coefficients bi′a not to be all equal and their ratio to the
β–functions of minimally supersymmetric Standard Model βa to be a constant
independent of the gauge group. If, in addition, bi′a have a gauge group independent
constant piece the relation between the unified gauge coupling and the dilaton VEV
is modified so that there can be weakly coupled gauge theories arising from strongly
coupled strings.
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1. Introduction
Lately there has been great interest in scenarios involving TeV scale strings
compactified on two or more large dimensions[1,2]. In these models the Standard
Model degrees of freedom are confined to the world–volume of D–branes. Gravity
propagates only in the bulk and its weakness compared to other interactions is a
result of the large compact dimensions
M2P =
8M8sR
6
g2s
(1)
Here gs and Ms are the string coupling and string scale respectively and R
6 is the
generic volume of the compact dimensions. Surprisingly, this scenario cannot be
easily ruled out by precision and acceleretor experiments or astrophysical obser-
vations[3]. Implications of this scenario for particle phenomenology, astrophysics
and cosmology have been investigated in some detail[4,5,6]. The strongest bound
on the higher dimensional Planck scale, Md+4 comes from the supernova 1987A
data and is M6 > 50 TeV for two large dimensions and Md+4 > 1 TeV for more
than two large dimensions[7]. In this letter, for simplicity, we take the bound on
the higher dimensional Planck scale to hold over the string scale Ms.
On the other hand, one of the most attractive results of minimally supersym-
metric Standard Model with the assumption of a desert up to very high scales is the
unification of the gauge couplings with αU = g
2
U/4pi ∼ 1/24 atMU ∼ 2×10
16 GeV .
In models with TeV scale strings, around Ms we find a plethora of new states such
as excited string modes, Kaluza–Klein modes, winding modes etc. Moreover field
theory is not applicable at this scale and one should use fully–fledged string the-
ory. Therefore unification of gauge couplings at very high energy scales such as
MU would seem to be completely accidental. Some aspects of gauge coupling uni-
fication in the framework of TeV scale strings and large compact dimensions have
been investigated in [8].
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Recently Ibanez has pointed out that in D = 4, N = 1 supersymmetric IIB
string orientifold models there is a possibility of obtaining such effective or mi-
rage gauge coupling unification at scales which are much higher than the string
scale[9,10]. These models generically have σ model anomalies in addition to anoma-
lous U(1) gauge groups. All anomalies are cancelled by the Green–Schwarz mecha-
nism which results in moduli dependent corrections to the gauge couplings. When
ratio between the coefficients of these corrections (σ model anomaly coefficients)
and the β–functions are constants independent of the gauge group these correc-
tions can be absorbed into the effective unification scale. For models with large
compact dimensions the effective unification scale becomes much larger than the
string scale. Since there is no running of gauge couplings above Ms and there is a
fully–fledged string theory at this scale, this unification is a mirage seen from the
low–energy point of view. In fact the gauge couplings do not unify at the string
scale.
In this letter we show that in TeV scale string scenarios realized by D = 4,
N = 1 supersymmetric IIB string orientifold models an effective unification of cou-
plings at MU is possible. For this to occur it is important to have an anisotropic
compactification such as two large and four string size compact dimensions. More-
over, as we explain below, the σ model anomaly coefficients must not all be equal to
each other, preferably one much larger than the others. If in addition, these coeffi-
cients contain a constant term independent of the gauge group then the well–known
relation between the unified gauge coupling and the dilaton VEV is modified. In
this case a string model with intermediate or strong coupling can lead to weakly
coupled gauge theories.
2. Mirage Gauge Coupling Unification
In this section we consider a simplified model which has all the characteristics
of D = 4, N = 1 supersymmetric IIB string orientifold models with large internal
dimensions[11,12,13]. These models are obtained by compactifying the IIB string
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on T 6 = T 2 × T 2 × T 2 and moding out by world–sheet parity Ω times a discrete
space–time symmetry. The models generically have a chiral spectrum with a large
gauge group. Part of the massless spectrum is projected out and the gauge group
is broken by Wilson lines. We will assume that a realistic string model can be
constructed in this framework even though such a model does not exist yet. De-
pending on the orientifold group there will be 32 D–branes of a given dimension
(such as D3 or D5 branes) with 64 orientifold planes with the same dimension.
Gauge bosons and matter live on the brane world–volumes whereas gravity only
propagates in the bulk. For more details on these models we refer the reader to
the refs. [11,12,13]. Below we consider a toy model with all the relevant properties
of these string models.
For simplicity, we assume that the gauge group is the Standard Model group
SU(3)C×SU(2)L×U(1)Y and another U(1)X which is anomalous. This anomaly is
cancelled by the Green–Schwarz mechanism. The Kahler potential for the dilaton
S, the untwisted moduli Ti and the matter fields φr are given by
K(S, S∗, Ti, T
∗
i , φr, φ
∗
r) = −log(S + S
∗)−
∑
i
log(Ti + T
∗
i ) +
∑
r,i
φrφ
∗
r
(Ti + T ∗i )
nir
(2)
where nir are the modular weights of the matter fields φr with Σin
i
r = 1. The gauge
function for the group denoted by index a (a = 1, 2, 3) is given by
fa = S +
δa
2
M (3)
where M is the overall twisted modulus of the model and δa is a constant which
depends only on the gauge group. This model has four anomalies; the U(1)X
anomaly and three SL(2, R)i σ model anomalies due to the three SL(2, R)i trans-
formations[10]
Ti →
aiTi − ibi
iciTi + di
(4)
with ai, bi, ci, di real and aidi − bici = 1. All the anomalies are cancelled by the
Green–Schwarz mechanism if the imaginary part of the twisted modulus transforms
3
as (ΛX is the U(1)X gauge parameter)
ImM → ImM + δXGSΛX (5)
under the U(1)X and as
ImM → ImM − 2
∑
i
δiGSlog(icTi + d) (6)
under the three SL(2, R)i model transformations. Here δ
X
GS and δ
i
GS are the
anomaly coefficients of the U(1)X and σ model anomalies respectively. We also
assume that the twisted modulus has the Kahler potential
K(M,M∗) = (M +M∗ − δXGSVX −
∑
i
δiGS log(Ti + T
∗
i ))
2 (7)
which is invariant under both U(1)X and the σ model transformations. The above
Kahler potential induces an anomalous D–term[9,10]
ξX = −δ
X
GS(M +M
∗ − 2
∑
i
δiGS log(Ti + T
∗
i )) (8)
If we are interested in supersymmetric vacua then ξX = 0 which means
ReM =
∑
i
δiGS log(Ti + T
∗
i ) (9)
As a result, the gauge couplings are given by
8pi2
g2a
= ReS +
1
2
∑
i
(δiGSδa)log(Ti + T
∗
i ) (10)
The product of the two anomaly coefficients is δiGSδa = b
i′
a where[10]
bi′a = −C(Ga) +
∑
Ra
T (Ra)(1 + 2n
i
Ra) (11)
Here C(Ga) and T (Ra) are the second Casimir invariants of the adjoint and Ra
representations of the gauge group Ga. Moreover, it can be shown that Σib
i′
a =
4
βa where βa are the β–functions corresponding to the minimally supersymmetric
standard model.
The running gauge couplings become[9]
8pi2
g2a
= ReS +
1
2
∑
i
bi′a log(Ti + T
∗
i ) +
1
2
βalog
M2s
Q2
(12)
Here we assume that there are no threshold states including Kaluza–Klein states up
to the string scale. This is only possible if the Standard Model degrees of freedom
arise from the world–volume of D3 branes so that there are no brane directions
wrapped around string size compact dimensions. We see that the correction due
to the σ model anomaly gives an extra moduli dependent logarithmic term in the
running coupling constant. If bi′a = riβa with ri a constant independent of the
gauge group then we see that the moduli dependent corrections can be combined
with Ms to give an effective unification scale
MX = Ms
∏
i
(Ti + T
∗
i )
ri/2 (13)
The untwisted moduli Ti are related to the compactification radii by
2ReTi =
4R2jR
2
kM
4
s
gs
(14)
Therefore we get
MX =
2M3s
g3/2
(RjRk)
ri(RiRk)
rj (RiRj)
rk (15)
We have found that due to the σ model anomaly there is an extra moduli
dependent logarithmic term in the running coupling constant. Under certain con-
ditions i.e. bi′a = riβa for all gauge groups, this term modifies the unification scale.
We see that effectively the unification scale becomes MX with the unified gauge
coupling gU given by ReS. In models with large compct dimensions the scaleMX is
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much larger than the string scale Ms. However, we know that the gauge couplings
do not run above the string scale, Ms, in fact above Ms we have a fully–fledged
string theory. Therefore, the field theoretical running of the gauge couplings up to
MX and their unification at MX are just mirages seen from the low energies. Note
that at the string scale the gauge couplings are not unified but given by eq. (12)
with Q2 = M2s .
In fact we can go further and assume that bi′a = riβa+ηi where ηi is a constant
independent of the gauge group. Then we find that in addition to the modification
of the unification scale, there is a constant term which can be absorbed into the
dilaton VEV. We have
8pi2
g2U
= ReS +
∑
i
ηilog(Ti + T
∗
i ) (16)
This result is very interesting. If ηi = 0 then the unified gauge coupling gU is fixed
by ReS. In particular since αU = 1/24 we need ReS ∼ 150 a large value exactly
as in heterotic string theory. Since ReS = 2/gs this also corresponds to a weakly
coupled string theory. However, if ηi 6= 0, ReS does not need to correspond to the
unified gauge coupling. In particular, it can be much smaller than 150 or even of
O(1) depending on ηi and the size of the compact dimensions. In this case there is
the possibility of having weakly coupled gauge interactions in a string theory with
intermediate (or strong) i.e. O(1) coupling.
Our aim is to find out whether an effective mirage unification of the gauge
couplings can be obtained with αU ∼ 1/24 and MX ∼ 2 × 10
16 GeV in this
framework. We first assume that ηi = 0 and the compactification is isotropic so
that there is only one overall untwisted modulus T = T1 + T2 + T3. Then using
Σib
i′
a = βa we find
MX =
2R2M3s
g
3/2
s
(17)
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where the compactification radius R is given by
R6 =
g2sM
2
P
8M8s
(18)
As observed in ref. [9] this givesMX ∼ 10
13 GeV which is three orders of magnitude
smaller than the desired value. Of course, this example is too simple because in
models with large internal dimensions, the compactification is not isotropic and
one should consider the three untwisted moduli Ti separately.
We now consider TeV scale strings compactified on two large and four string
size dimensions. The cases with more than two large dimensions can be easily
generalized from this case and work as well. The size of the large dimensions is
given by
R2 =
g4UM
2
P
32pi2M4s
(19)
If the two large dimensions are on the same torus we have
2ReT1 = 2ReT2 =
g2U
4pi
(
MP
Ms
)2
(20)
and
2ReT3 =
8pi
g2U
(21)
We now need to assume values for bi
′
a which need to be proportional to βa indepen-
dently of a. We take for example ri = (3/4, 1/8, 1/8) for the three tori T
2
i . We stress
that this choice is the same for the three gauge groups SU(3)C , SU(2)L, U(1)Y .
Then
MX ∼ α
5/16
U M
7/8
P M
1/8
s (22)
For MP ∼ 10
19 GeV , Ms ∼ 50 TeV and g
2
U ∼ 1/2 we find MX ∼ 2 × 10
16 GeV
which is the desired unification scale predicted by the minimally supersymmetric
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Standard Model. We see that the dependence on the string scale Ms is very
weak so that a change of Ms between 1 TeV and 50 TeV gives only a factor of
(50)1/8 ∼ 1.5. This means that mirage unification is not too sensitive to the lowest
bound on the string scale, Ms or to the distinction between Ms and the higher
dimensional Planck scale Md+4. Also note that for the above choice of b
i′
a either
the matter content of the Standard Model arises in an asymmetric manner from
the sectors corresponding to the three tori or the modular weights nir are not the
same in these sectors.
The choice above for bi′a is a very unique one and it is not clear why the anomaly
coefficients should satisfy this. However, we remind that the above holds only for
ηi = 0. If ηi 6= 0, we can change each one of the anomaly coefficients by a constant
which does not depend on the gauge group. Thus, there are many values of bi
′
a
that will result in mirage gauge coupling unification. The only requirement on the
coefficients bi
′
a seems to be that they be the same for all gauge groups for a given
torus.
On the other hand, when ηi 6= 0 the value of the unified gauge coupling does
not arise solely from ReS as given in eq. (10). In order to estimate the magnitude
of this effect we assume that η1 6= 0 but η2 = η3 = 0. Then
8pi2
g2U
= ReS + η1log(T1 + T
∗
1 ) (23)
Using eq. (20) we find that the correction to ReS is ∼ 30η1. So even for η1 ∼ 1
this is an important effect. Of course this effect is even larger when all ηi 6= 0. If
η1 ∼ 5, ReS can be of O(1) without changing the unified gauge coupling gU . Thus,
we find the interesting possibility of getting weakly coupled gauge theories from a
string theory which has an intermediate or strong coupling.
3. Conclusions and Discussion
In this letter we showed that an effective unification of gauge couplings at
MU ∼ 2× 10
16 GeV can be obtained in models with TeV scale strings. In models
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with σ model anomalies the expression for the gauge couplings get moduli depen-
dent corrections. If the anomaly coefficients are proportional to the β–functions
independently of the gauge group there is an effective new unification scale. For
models with large compact dimensions this effective unification scale is much larger
than Ms. However, at Ms there is fully–fledged string theory and therefore gauge
couplings do not run above this scale. The field theoretical running of the gauge
couplings up to energy scales much larger than Ms and their unification at MU is
a mirage from the low energy point of view. For simplicity we considered only the
case with two large compact dimensions but our results can be easily generalized
to the cases with more than two large dimensions.
In order for mirage unification to occur for two large dimensions the anomaly
coefficients have to satisfy bi′a = riβa with ri = (3/4, 1/8, 1/8) for all the gauge
groups. Therefore either the observable sector must arise in an asymmetric manner
from the sectors corresponding to the three tori or the modular weights must be
asymmetric among these sectors. This is a unique choice for bi′a which is not generic
at all. However, unification can be maintained if the anomaly coefficients satisfy
the modified relation bi′a = riβa+ηi. Thus, there are a large number of choices for b
i′
a
which result in mirage unification. It is difficult to say how generic this situation
is because there are no realistic D = 4, N = 1 supersymmetric IIB orientifold
models. The requirement ri have to satisfy for mirage unification is that they
be the same for all gauge groups and not be equal to each other. It seems that
demanding mirage gauge coupling unification puts strong constraints on TeV scale
string model building. At this stage, it is hard to say whether these can be easily
satisfied.
An intriguing result of the expression bi′a = riβa + ηi is the change in the
relation between the value of the unified coupling constant and the dilaton VEV.
From eq. (10) we see that for some values of ηi and large compact dimensions, the
gauge couplings can be small even though the string coupling gs = 2/ReS is large.
Therefore a string theory with an intermediate or strong coupling can give rise to
perturbative gauge interactions. This may facilitate dilaton stabilization in TeV
9
scale string models since now there is no constraint on the dilaton VEV.
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